A high prevalence of infection with Borrelia burgdorferi in ixodid ticks is correlated with a high incidence of Lyme disease. The transmission of B. burgdorferi to humans can be disrupted by targeting 2 key elements in its enzootic cycle: the reservoir host and the tick vector. In a prospective 5-year field trial, we show that oral vaccination of wild white-footed mice resulted in outer surface protein A-specific seropositivity that led to reductions of 23% and 76% in the nymphal infection prevalence in a cumulative, time-dependent manner (2 and 5 years, respectively), whereas the proportion of infected ticks recovered from control plots varied randomly over time. Significant decreases in tick infection prevalence were observed within 3 years of vaccine deployment. Implementation of such a long-term public health measure could substantially reduce the risk of human exposure to Lyme disease.
Borrelia burgdorferi, the etiologic agent of Lyme disease, is widely distributed throughout temperate zones of the Northern Hemisphere [1] . In some areas, the Lyme disease incidence is rapidly increasing, as documented by the doubling of newly diagnosed cases in the United States over the past decade. Disrupting pathogen transmission between the tick vector and reservoir hosts is regarded as a promising strategy to reduce human exposure to this zoonosis [2] [3] [4] [5] [6] . The enzootic cycle of B. burgdorferi provides a unique opportunity to reduce transmission to humans because vector ticks (Ixodes organisms) must acquire B. burgdorferi from wildlife reservoirs, mainly the white-footed mouse (Peromyscus leucopus); there is no transovarial transmission [7] . Injectable vaccines based on the outer surface protein A (OspA) of B. burgdorferi have been shown to protect humans [8] , dogs [9] , and mice [10, 11] against infection. When these injectable vaccines were administered to trapped wildlife over 1 summer in a noncontinuous basis, they modestly decreased tick acquisition of B. burgdorferi from infected whitefooted mice the following year [4] . However, the challenge remains to develop a vaccine that can be easily deployed in natural ecosystems and takes into consideration the high-population density and rapid turnover of the reservoir host. Practical vaccine delivery and effective immunization of wildlife can be achieved using thermostable vaccines delivered via oral bait. These vaccines are powerful tools to reduce B. burgdorferi prevalence and, thus, human Lyme disease risk. We and others have developed OspA-based transmission-blocking, oral, reservoir-targeted vaccines (RTVs) against B. burgdorferi [5, 12] . Our vaccine vehicle is a safe, intestinal commensal bacterium that can be delivered to reservoir hosts that naturally transmit B. burgdorferi to feeding ticks during its enzootic cycle.
In northeastern North America, B. burgdorferi cycles between arthropod vectors and small-sized, ground-dwelling vertebrate hosts in an enzootic cycle spanning at least 2 consecutive years, depending on the life cycle of the tick vector, Ixodes scapularis. Newly hatched larval ticks take a blood meal during the summer of the first year, during which they can acquire infection, and after molting into a nymph they take a second blood meal the following year, during which they can transmit infection. The vector life cycle stage most important for transmission of B. burgdorferi to humans is the nymphal stage. We hypothesized that prolonged and continuous treatment of the most competent reservoir host for B. burgdorferi (white-footed mice) with an oral OspA-based RTV should lead to increased seropositivity that correlates with reductions of B. burgdorferi infection in nymphal ticks and results in a reduced risk of human exposure to Lyme disease.
MATERIALS AND METHODS
Animal experimentation guidelines were followed in compliance with the University of Tennessee Health Science Center Institutional Animal Care and Use Committee (IACUC; 13-010, 1741) and the Cary Institute of Ecosystem Studies (CIES) IACUC (07-021, 10-01III).
Study Design
The field study was conducted at the CIES in Dutchess County, New York (Figure 1 ). Seven plots were included: 4 plots (NY1, NY2, NY3, and NY4) received OspA/RTV bait, and 3 control plots (Ctrl1, Ctrl2, and Ctrl3) did not receive RTV. Ideally, an Escherichia coli vehicle without the vaccine should have been used in the control plots. However, additional production and deployment would have made the cost of the study prohibitive. We deployed crimped oats only in the control plots. The RTV was deployed in NY1 from 2007 until 2011; in NY2 from 2008 to 2011; and in NY3 and NY4 from 2009 until 2011. Treatment and control plots were monitored from 2007 through 2011. We matched control plots for basic vegetative structure and smallmammal community. All plots contain similar oak-dominated forests and understory vegetation, as well as physical characteristics, such as soil type, slope, and drainage, that are typical of Lyme disease-endemic areas in the northeastern regions of the United States [13] . The area of each plot was 1.1 hectare and consisted of an 8 by 8 array of Sherman live traps, with 15 m between traps. Plots were separated by at least 500 m, a distance sufficient to ensure biological and statistical independence. The total number of mice that moved from one of our plots to another at any point in the study was 11, or 0.29% of the 3791 mice captured. The bait was produced daily, using oatmeal, water, and 200 mg of E. coli expressing OspA [14] ; this constituted an RTV unit. Each trap was set with 1 RTV unit in the late afternoon for 5 consecutive nights per week from mid May until mid September. The following morning, all traps were checked by 10 AM, and the level of vaccine consumed was recorded. At first capture all mice were provided with uniquely numbered ear tags, and for all captures we recorded date, plot, tag number, trap location, sex, age, and body mass. During the peak questing activity period for larval ticks (ie, August and September), we randomly selected mice and brought them to the laboratory (10 per grid) for collection of a 100-µL blood specimen. Given that the average mouse lifespan is <1 year, each mouse had blood sampled once. Determination of anti-OspA antibody levels was performed as described [14] . Considering our minimum RTV effective dose (5 RTV units [14] ), we determined the cutoff for anti-OspA seropositivity as 3 SDs above the mean of antibody levels (OD 450 ) in blood from mice that consumed <4 RTV units in 2 plots, NY1 and NY2 in 2008 (seropositivity was defined as an OD 450 of >0.27). In the spring (May and June), host-seeking nymphal ticks were collected by drag sampling in each field plot along a series of 80-m linear transects [13] . Drag cloths were examined, and all ticks were removed every 30 m along the transects. At least 2 dragging sessions were conducted each year. B. burgdorferi DNA was extracted from 16-150 ticks per site per year [15] , and real-time polymerase chain reaction (PCR) analysis was performed to assess tick infection rates and RTV efficacy [16] .
Statistical Analysis
The RTV effect on anti-OspA antibody and on nymphal infection prevalence were determined by generalized linear mixed model (GLMM), using the glm and lmer packages in R [17] . The effect of the vaccine on levels of OspA antibody was determined using a GLMM accounting for the main effects of the treatment and calendar year as fixed factors and grid as a random factor, using a Gaussian error. The GLMM analyses control for natural variation among years and among grids while assessing the main effect of treatment on OspA antibody levels. Duration of treatment and the interaction between treatment and treatment duration were also investigated to assess cumulative effects of treatment on OspA antibody. Anti-OspA antibody levels were not normally distributed about the mean (P < .002 for all grids, by the Shapiro-Wilkes test for normality). Log transformation of OspA antibody levels resulted in the normally distributed data (P > .13) necessary to use a Gaussian error term. The effect of the vaccine on the seroprevalence of OspA in field mice was analyzed using a contingency test (ie, χ 2 analysis). The effect of the vaccine on the nymphal infection prevalence was assessed using a GLMM accounting for the main effects of the treatment and duration of treatment, the interaction between these 2 fixed factors, calendar year as a fixed factor, and grid as a random factor, using a binomial error term and a logit link, for logistic regression. The GLMM analyses control for natural variation among years and among grids while assessing main cumulative effects of treatment over nymphal infection prevalence over multiple enzootic cycles. The Tukey honest significant difference test was used to test for unplanned pairwise comparisons of differences in nymphal infection prevalence between the control plots and each experimental plot separately while preserving family-wise type I error.
RESULTS

Field Study Design
Of the seven 1-hectare study plots, 4 were assigned for RTV deployment and 3 were controls in which we deployed crimped oats only (without RTV) ( Figure 1 Figure 2 ) [14] . Consumption of ≥5 RTV units correlated with production of higher levels of anti-OspA antibodies in 2 plots in which the RTV was deployed.
Anti-OspA Seroprevalence
Between April and September from 2008 through 2011, we collected blood from populations of white-footed mice trapped in the field for quantitative analysis of the OspA-specific antibody response among vaccinated and control groups by ELISA (OD 450 ; Figure 3 ). We observed that mice captured in vaccinated plots had a mean antibody response (±SD) of 0.391±0.366, compared with 0.229±0.165 for mice captured in control plots. Statistical analysis of the log-transformed data (to make them normally distributed over the mean) by using a GLMM (to control for effects of plot and year) revealed a statistically significant increase in anti-OspA antibodies in mice captured in the vaccine-deployed plots (P = .002). A Tukey honest significant difference post-hoc test to assess pairwise differences among all the plots revealed that differences in OspA-specific antibody levels between mice captured in the vaccine plots and those captured in the control plots were statistically significant for 3 plots (NY1, NY2, and NY4) but not for a fourth (NY3). Additionally, we evaluated differences in OspA seroprevalence among mice from plots in which vaccine was deployed, compared with those from control plots, using a cutoff for a positive anti-OspA antibody response at an OD 450 of ≥ 0.27. All antibody to OspA accumulating in the system should contribute to future reductions of B. burgdorferi in the field. Nevertheless, we evaluated a putative correlate of protection based on our previous findings in the laboratory [14] (ie, the proportion of mice with OspA-specific antibodies, defined by an OD 450 Given the 2-year life cycle of the tick and the potential for a selfreinforcing feedback loop between lower nymphal infection prevalence and lower host infection prevalence, we hypothesized that the efficacy of the vaccine should be cumulative over time. We collected ticks from 4 vaccinated and 3 unvaccinated plots and determined the proportion of host-seeking nymphal ticks infected with B. burgdorferi over 2 consecutive enzootic cycles (2-5 calendar years) of the spirochete by PCR (Figure 4 ). In the 3 control plots, the average nymphal infection prevalence, calculated as the number of infected nymphs divided by the total number tested, was 0. 
Breaking the Enzootic Cycle of B. burgdorferi
We averaged the differences in nymphal infection prevalence from baseline in all field plots after 2, 3, 4, and 5 years of RTV deployment ( Figure 5 ). In the plots where the vaccine was deployed for 2 consecutive years (1 enzootic cycle), the mean prevalence of B. burgdorferi among nymphal ticks declined by 23% (average between plots NY1, NY2, NY3, and NY4), whereas it increased by 23% at the same time in the control plots. In the plots that received the RTV for 3 consecutive years (1.5 enzootic cycles), the prevalence of B. burgdorferi in nymphal ticks declined by 31% (average between plots NY1, NY2, NY3, and NY4), whereas it increased by 45% at the same time in the control plots. In the plots that received RTV for 4 consecutive years (2 enzootic cycles), the prevalence of B. burgdorferi among nymphal ticks declined by 23% (average Vaccination resulted in a statistically significant increase in the anti-OspA Ab response after control for natural variation among plots and years, using a generalized linear mixed model (P = .002). Multiple pairwise comparisons of means by use of the Tukey honest significant difference post-hoc test revealed that differences in anti-OspA-specific Ab levels between mice captured in the vaccine plots and those captured in the control plots were statistically significant for all plots except NY3. Statistical analysis of the protective seroprevalence data was done using the χ 2 test. 2010 data were not included for NY3 because both values were 0.
between plots NY1 and NY2), whereas it increased by 80% at the same time in the control plots. In the plot that received RTV for 5 consecutive years (2.5 enzootic cycles; NY1), the prevalence of B. burgdorferi in nymphal ticks declined by 76%, whereas it increased by 94% at the same time in the control plots.
Despite our efforts to match control and experimental sites according to habitat features, such as tree and understory community composition, the control and experimental sites were not well matched with respect to initial nymphal infection prevalence levels. Thus, the natural variation in nymphal infection prevalence seen in the control fields could have influenced our comparison of treated and control plots. To overcome this natural variation, we analyzed the effect of vaccine treatment on the nymphal infection prevalence over time, using a GLMM including treatment (vaccine vs control), duration of treatment, and calendar year as fixed explanatory factors and plot as a random explanatory factor. This analysis accounts for natural interannual and among-plot variation to assess cumulative effects of the treatment over multiple enzootic cycles. The interaction between treatment and duration of treatment-the combination of factors that accounts for the rate at which nymphal infection prevalence changes over time-was statistically significant (P = 4.4×10 −5 ). Although all plots treated with RTV had a decreasing nymphal infection prevalence over time, this effect was not significant after the first or second year the RTV was deployed (P > .05). The RTV effect was significant only after 3 years of application (P = 4.7×10
; Table 2 ).
DISCUSSION
We demonstrate that an OspA-based oral bait vaccine delivered to wild white-footed mice over time resulted in an increase in anti-OspA seroprevalence. This increase in antibodies was associated with reduced rates of B. burgdorferi infection among nymphal ticks as early as 2 years after RTV deployment (23%). Moreover, 5 years of consecutive RTV use appeared to cause a substantial disruption in the enzootic cycle of B. burgdorferi, with a reduction of 76% in the nymphal infection prevalence. Such decreases in the prevalence of infected I. scapularis vectors could reduce the risk to humans and other accidental mammalian hosts (dogs) of acquiring Lyme disease.
Our bacteria-based RTV was previously tested in the laboratory in the white-footed mouse, the most competent reservoir host for B. burgdorferi in much of its North American range [18, 19] . The minimum effective vaccine dose in laboratory studies was 5 units of oral RTV, and natural temperature or humidity conditions to which a baited wildlife RTV would be subjected did not adversely affect vaccine efficacy [14] . We also devised a series of immunization schedules that resulted in development of protective levels of anti-OspA antibodies in mice for an entire year [14] . In the field study reported here, we reproduced our best immunization schedule by delivering an average of approximately 35 RTVs per mouse and observed that >50% of field mice consumed >5 RTV units, the minimum number of units needed to induce protective immunity [14] . These observations were also consistent with a separate study of different formulations of vaccine-free rhodamine-laced bait, which showed that more than half of resident mice (approximately 55%) ingested bait deployed in nest boxes under field conditions [20] .
OspA seroprevalence is one of our metrics of RTV effect. Analysis of anti-OspA specific antibodies among vaccinated and unvaccinated populations revealed that a low percentage of resident mice have low levels of antibodies to OspA. Given that OspA expression is downregulated as B. burgdorferi infects the vertebrate host [21, 22] , the presence of anti-OspA antibodies in mice primarily represents vaccine immunity. It has been reported that OspA expression is upregulated during prolonged infections [23] , which could explain the low levels of anti-OspA antibodies observed in unvaccinated mice. Deployment of the RTV resulted in a higher prevalence of protective levels of antibodies to OspA in the NY1 plot (28%) and the NY2 plot (33%) from 2008 to 2011, which correlated with significantly lower infection rates of nymphal ticks in these plots. The significant differences in levels of protective antibodies from 2009 to 2011 in the NY4 plot (approximately 20%) correlated with a declining trend in nymphal infection prevalence. In NY3, neither the prevalence of protective antibodies (10%) nor the nymphal infection prevalence trends were significantly different from values for the control. Thus, we observed a very strong association between the prevalence of mice with protective anti-OspA antibody levels and the reduction of infection in nymphal I. scapularis ticks in plots treated with the RTV. The lack of a definitive RTV effect in the NY3 and NY4 plots can be explained by the shorter time these 2 plots were treated with RTV (3 years), in contrast to 4 years in the NY2 plot and 5 years in the NY1 plot.
There is no evidence from similar live-trapping studies that the small amount of bait provided in traps has any influence on rodent population densities [24, 25] . In our study, all sites had similar small-mammal communities, dominated primarily by white-footed mice and secondarily by eastern chipmunks (Tamias striatus) and short-tailed shrews (Blarina brevicauda). Plot NY2 had the highest proportion of nonmouse captures (mean, 0.16) averaged across the years of the study. The 3 other sites averaged <0.08 nonmouse captures throughout the study. Thus, it does not appear that higher abundances of nontarget species [4, 18] are responsible for differences between treated plots.
The risk of infection with B. burgdorferi among humans is higher in areas abundant in infected ixodid ticks [26, 27] . Tick-to-host transmission rates depend on infection prevalence in nymphal ticks, and host-to-tick transmission rates depend on host infection prevalence [28] . Although eliminating B. burgdorferi from its natural enzootic cycle seems unrealistic, diminishing its threat to humans via reduction of the tick infection prevalence is an achievable goal with remarkable public health ramifications [4, 29] . A field study gauging the effect of an RTV Given that RTV is expected to exert an effect 1 year after deployment, the baseline NIP is the NIP recorded in the first year of the study. P values were determined by the χ 2 test.
in Lyme disease risk was published previously [4] . There are 2 crucial differences between the former study and the study reported here: vaccine formulation and duration of vaccine treatment. Unlike the former study, we used an oral vaccine delivered to trapped mice imbibed in bait for their ad libitum consumption. Because mice do not need to be trapped and injected individually, the vaccination technology is potentially feasible for field use. The second fundamental difference between these studies was the duration of treatment. In contrast to a single summer deployment of RTV, we planned a long-term (5-year) deployment of the oral vaccine, because disruption of the 2-year enzootic cycle of B. burgdorferi could only be achieved if we treated the field sites for a minimum of 3 years. As previously reported [4] , we observed modest reductions in the prevalence of nymphal ticks infected with B. burgdorferi the year following the first vaccine deployment (approximately 23%). Furthermore, we observed that efficacy of the RTV in reducing infection of nymphal ticks was significant only after 3 years of treatment (P = 4.7 × 10 −5 ), indicating that vaccine effect is time dependent and cumulative across time. This was supported by the fact that 4 years of treatment in plot NY1 produced similar decreases in nymphal infection prevalence as 4 years of treatment in plot NY2 but another year of RTV treatment in the NY1 plot led to a substantial decrease in nymphal infection prevalence (approximately 76%) in this field plot. These data indicate that cumulative decreases in nymphal infection prevalence are likely to be maximized by continued longterm deployment of RTV. These data are consistent with a projection modeling study suggesting that reductions in current nymphal infection prevalence due to vaccinations reinforce lower future nymphal infection prevalence by increasing the proportion of mice that can be vaccinated before exposure to a B. burgdorferi-infected tick, thus establishing a self-reinforcing feedback loop for Lyme disease protection [30] . The risk of contracting Lyme disease is a function of the probability of being bitten by an infected tick [31] . Thus, if all other factors remain constant, a reduction in nymphal infection prevalence is expected to lead to a directly proportional decrease in the risk of contracting Lyme disease. Greater decreases in the risk of exposure to Lyme disease can be expected following sustained deployment of RTV to all potential reservoir species over time [32] .
Lyme disease in the United States is reported to the Centers for Disease Control and Prevention (CDC) at the rate of 30 000 cases per year. Recently, the CDC revised the number of probable infections 10-fold (to 300 000 new cases/per year) to account for widespread underreporting [33] . Our results suggest that prevention of Lyme disease can be shifted from the current standard of direct vaccination of humans to an indirect strategy of containment of transmission, as the pathogen moves through its natural enzootic cycle, before it spins out into a zoonotic human disease. Strategic implementation of the intervention reported in this study would ultimately protect human populations from contracting B. burgdorferi in geographic regions where the Lyme disease risk is high. 
Notes
